Soluble butane monooxygenase (sBMO), a three-component di-iron monooxygenase complex expressed by the C 2 -C 9 alkane-utilizing bacterium Thauera butanivorans, was kinetically characterized by measuring substrate specificities for C 1 -C 5 alkanes and product inhibition profiles. sBMO has high sequence homology with soluble methane monooxygenase (sMMO) and shares a similar substrate range, including gaseous and liquid alkanes, aromatics, alkenes and halogenated xenobiotics. Results indicated that butane was the preferred substrate (defined by k cat : K m ratios). Relative rates of oxidation for C 1 -C 5 alkanes differed minimally, implying that substrate specificity is heavily influenced by differences in substrate K m values. The low micromolar K m for linear C 2 -C 5 alkanes and the millimolar K m for methane demonstrate that sBMO is two to three orders of magnitude more specific for physiologically relevant substrates of T. butanivorans. Methanol, the product of methane oxidation and also a substrate itself, was found to have similar K m and k cat values to those of methane. This inability to kinetically discriminate between the C 1 alkane and C 1 alcohol is observed as a steady-state concentration of methanol during the two-step oxidation of methane to formaldehyde by sBMO. Unlike methanol, alcohols with chain length C 2 -C 5 do not compete effectively with their respective alkane substrates. Results from product inhibition experiments suggest that the geometry of the active site is optimized for linear molecules four to five carbons in length and is influenced by the regulatory protein component B (butane monooxygenase regulatory component; BMOB). The data suggest that alkane oxidation by sBMO is highly specialized for the turnover of C 3 -C 5 alkanes and the release of their respective alcohol products. Additionally, sBMO is particularly efficient at preventing methane oxidation during growth on linear alkanes ¢C 2, despite its high sequence homology with sMMO. These results represent, to the best of our knowledge, the first kinetic in vitro characterization of the closest known homologue of sMMO.
INTRODUCTION
Aliphatic alkanes are used as a sole source of carbon and energy by a diverse range of aerobic prokaryotes (Shennan, 2006) . To initiate growth on C 2 -C 9 alkanes, the Gramnegative b-proteobacterium Thauera butanivorans, formerly called 'Pseudomonas butanovora' (Dubbels et al., 2009) , expresses a carboxylate-bridged non-haem di-iron monooxygenase, commonly referred to as soluble butane monooxygenase (sBMO) (Sluis et al., 2002; Takahashi et al., 1980) . sBMO belongs to a family of bacterial multicomponent monooxygenases which includes soluble methane monooxygenases (sMMOs), phenol hydroxylases (PHs) and aromatic/alkene monooxygenases (TMOs) (Leahy et al., 2003; Sluis et al., 2002) . Due to their unusually large substrate ranges, these powerful oxidizers are of particular interest for their potential in bioremediation (Enzien et al., 1994; Halsey et al., 2007; Parales et al., 2002; Smith & Dalton, 2004) and their ability to serve as industrial biocatalysts (Burton, 2003; Parales et al., 2002) .
The expression of sBMO is induced by the presence of 1-butanol and butyraldehyde, and is repressed by lactate and succinate (Sayavedra-Soto et al., 2005). When T. butani-vorans is grown on butane, sBMO oxidizes butane primarily to 1-butanol (.85 % terminal oxidation), which is then further oxidized to butyrate via butyraldehyde (Arp, 1999) . Further metabolism of butyrate probably proceeds through butyryl-CoA prior to b-oxidation (Arp, 1999) . The metabolic pathway of odd-chain or subterminally oxidized alkanes has not yet been fully characterized in T. butanivorans; however, it is known that the metabolism of odd-and even-chain alkane growth substrates is differentially controlled (Doughty et al., 2007) . Although sBMO is capable of oxidizing methane to methanol (Halsey et al., 2006) , T. butanivorans cannot assimilate C 1 compounds into biomass.
sBMO is a three-component complex that was recently purified and found to have a similar architecture to that of sMMO: (i) a 250 kDa hydroxylase component (butane monooxygenase hydroxylase; BMOH) with (abc) 2 subunit composition that, by analogy with sMMO, contains the diiron active site in the a-subunit; (ii) a 40 kDa flavo-ironsulfur-containing reductase (butane monooxygenase reductase; BMOR) that shuttles electrons from NADH to the active site of BMOH; and (iii) a 15 kDa regulatory protein (butane monooxygenase regulatory component; BMOB) that enhances the overall activity of the complex (Dubbels et al., 2007) . Sequence analysis shows BMOH to be most closely related to sMMO (65, 42 and 38 % amino acid identity in the a-, b-and c-subunits of BMOH, respectively) (Sluis et al., 2002) . Additionally, sequence alignment and structural modelling show that all residues directly lining the active site cavity of BMOH are the same as those in the methane monooxygenase hydroxylase (MMOH). Despite the similarities, several biochemical observations indicate that sBMO represents a class distinct from the sMMO family: (i) methanol accumulation ceases during methane oxidation once~20-50 mM has been reached (Halsey et al., 2006) , whereas sMMO can continue to accumulate methanol; (ii) sBMO is predominantly a terminal hydroxylator of intermediate-chain-length alkanes (Dubbels et al., 2007) , whereas sMMO forms secondary alcohols (Froland et al., 1992) ; (iii) product regioselectivity is minimally altered by the presence of BMOB (Dubbels et al., 2007) , unlike sMMO (Froland et al., 1992) ; (iv) catalase is required to maintain hydroxylase activity during steady-state turnover (Dubbels et al., 2007) but not to maintain sMMO activity; and (v) the use of peroxide in the 'peroxide shunt' mechanism of substrate oxidation is three orders of magnitude less efficient in sBMO than in sMMO (Dubbels et al., 2007) .
The structural basis of the catalytic properties of these alkane monooxygenases is still poorly understood, most notably due to a lack of enzyme isolation and subsequent in vitro characterization (van Beilen & Funhoff, 2007) . Even though crystal structures of apo-MMOH and productbound MMOH have been reported (Rosenzweig et al., 1997; Sazinsky & Lippard, 2005) , the fully buried active site does not appear to be accessible or large enough to accommodate known substrates such as naphthalene or biphenyl. A few mutational studies of BMOH and MMOH have provided insight into this field, however. Substitution of residue Gly113 in the a-subunit of BMOH with the equivalent residue of MMOHa (Asn) results in a shift of properties to those more characteristic of sMMO, such as increased methanol accumulation and an alteration in product regioselectivity from primary to secondary hydroxylation (Halsey et al., 2006) . Alterations in the 'leucine gate' residue of MMOHa (Leu110) have shown that it is critical in defining the regioselectivity of sMMO (Borodina et al., 2007) .
Given the wide substrate range of alkane monooxygenases, a comprehensive kinetic characterization of sBMO would help provide insights into the mechanism of substrate specificity. Here, we report a characterization of the substrate specificity for sBMO and show that, despite having the same active site residues as sMMO, sBMO is poorly suited for methane yet highly optimized for linear molecules four to five carbons in length. Since measurable substrate turnover is possible without BMOB, we were also able to directly observe a function for BMOB in catalysis using product inhibitors. Such types of experiments have not been possible with sMMO because substrate turnover is too slow without the methane monooxygenase regulatory component (MMOB).
METHODS
Chemicals. Gaseous alkanes were of reagent grade. Methane was purchased from Airco. Ethane was purchased from Matheson. Propane and butane were purchased from Airgas. Pentane was purchased as reagent grade from VWR. NADH was purchased from Research Organics and residual ethanol was removed by repeated lyophilization in 25 mM PIPES, pH 7.2. Bovine liver catalase was purchased from Sigma. All other chemicals were obtained from Aldrich.
Bacterial cultivation and BMOH/BMOR purification. Wild-type (WT) T. butanivorans was grown on butane as described previously (Dubbels et al., 2007) with the exception that 100 mM Fe 3+ -EDTA was used as an iron source instead of 500 mM FeSO 4 . 7H 2 O. Mutant strain G113N, which has residue 113 of the a-subunit of BMOH altered from Gly to Asn (Halsey et al., 2006) , was grown identically to WT except that 50 mM MnCl 2 and 10 mM Na 2 CO 3 were added to the medium to facilitate the downstream metabolism of secondary alcohols. WT BMOH and BMOR components of sBMO were purified as previously described (Dubbels et al., 2007) . The G113N BMOH was purified identically to the WT hydroxylase. The alternative iron source yielded BMOH that exhibited much tighter elution profiles off the Sephacryl S-300 HR gel-filtration column due to significantly reduced self-aggregation, as determined by dynamic light scattering. Additionally, the iron content of BMOH, as measured by the ferrozine spectrophotometric assay (Percival, 1991) , contained 2.1-2.4 irons per active site rather than the 1.4-1.8 reported previously (Dubbels et al., 2007) . Typical preparations of the enzyme complex resulted in activities ranging from 400 to 700 nmol min 21 mg 21 . Protein concentrations were determined by optical absorption at 280 nm using absorption coefficients of 2.2 and 0.56 ml mg 21 cm 21 for BMOH and BMOR, respectively.
Development of a recombinant BMOB expression system.
Purification of BMOH and BMOR from the native host yielded large quantities of highly active protein, and so no recombinant expression system was needed. However, purification of BMOB from the native host required several additional purification steps and the yields were not always satisfactory. We therefore chose to develop a recombinant expression system for BMOB that provided a simpler purification process with significantly increased yields.
To create the recombinant BMOB expression system, genomic and plasmid DNA were first isolated according to established protocols (Ausubel et al., 2003) . Primers for the amplification of BMOB were as follows: bmobfNdeI, 59-CAGGGGCAGACCATATGTCAAACGT-39, and bmobrBamHI, 59-CGCACCGGTGTGTGGATCCAAACCT-39. Bases indicated in bold type are the restriction sites included for subsequent cloning into the expression vector. A standard PCR was carried out with the above primers with Taq (Promega). The PCR product was gel-purified with QIAEX II (Qiagen) and restricted with NdeI and BamHI (Promega). Gel purification of the restriction digest was performed as described above, and the isolated PCR product was ligated into NdeI-and BamHI-digested pT7-7 (Tabor & Richardson, 1985) . The ligation reaction was transformed into chemically competent Escherichia coli JM109 (Sambrook et al., 1989) . Plasmid DNA was isolated and the sequence of bmob was confirmed by DNA sequencing at the Center for Genome Research and Biocomputing at Oregon State University. The resulting plasmid, pBD400, was transformed into chemically competent E. coli BL21(DE3) (Novagen) for subsequent expression and purification.
Expression and purification of recombinant BMOB. E. coli BL21(DE3) cells containing the pBD400 plasmid were grown in 3 l LB medium in the presence of 100 mg ampicillin ml 21 at 37 uC to OD 600 0.8. Protein expression was stimulated by the addition of 1 mM IPTG. After 3 h further growth, cells were centrifuged at 5000 g for 20 min and stored at 270 uC. Typically, yields of 4-5 g cell paste l 21 were obtained.
All purification steps of recombinant BMOB (rBMOB) were performed at 4 uC. Frozen E. coli BL21(DE3) cell paste (15 g) was resuspended in 25 mM PIPES, pH 7.2, to a total volume of 40 ml containing 1000 U DNase I (Sigma). Cells were lysed by two passes through a French pressure cell disrupter at 52 000 Pa, and then centrifuged at 10 000 g for 20 min. The supernatant was carefully decanted, diluted to 60 ml and centrifuged at 150 000 g for 2 h. The resulting cell-free lysate was decanted, adjusted to pH 7.2, and loaded onto a DEAE-Sepharose FF column (90 mm630 mm) pre-equilibrated with 25 mM PIPES, pH 7.2, at 2 ml min
21
. The column was washed with five column volumes of the same buffer at a linear flow rate of 2 ml min 21 , after which a 0-0.4 M KCl linear gradient was applied over four column volumes. Fractions containing rBMOB eluted between 0.2 and 0.3 M KCl. These fractions were pooled, repeatedly dialysed against 25 mM PIPES, pH 7.2, with 150 mM KCl, and concentrated to 3 ml total volume via ultrafiltration. The concentrate was then applied to Sephadex 75 FF gel-filtration columns (550 mm625 mm) pre-equilibrated with the same buffer at a linear flow rate of 0.5 ml min 21 . Fractions containing purified rBMOB were pooled, dialysed against 25 mM PIPES, pH 7.2, concentrated to 2 mM, flash-frozen in liquid nitrogen and stored at 270 uC. From 15 g of cells, 200-250 mg purified rBMOB was obtained. rBMOB was found to display the same enhancement of sBMO activity as native BMOB, alter the product distribution similarly, have the same mobility on SDS-PAGE, and have identical molecular mass as determined by MALDI-TOF MS. rBMOB also displayed the same partial dimerization through intermolecular disulfide linkage as native BMOB (Dubbels et al., 2007) . Accordingly, all reactions in this study were performed with the recombinant form of BMOB. Concentrations were determined by A 280 measurement using an absorption coefficient of 1.2 ml mg 21 cm 21 .
Determination of methane K m . Vials (7.7 ml) containing a stir bar and a 0.5 ml aliquot of 0.1 mM BMOH, 0.3 mM BMOB, 0.6 mM BMOR and 2400 U catalase ml 21 in 25 mM PIPES, pH 7.2, were crimp-sealed with butyl rubber septa. Methane was added directly as an overpressure. For higher concentrations, however, methane was used to refill the head space, to which additional methane and 20 % (v/v) oxygen were added as an overpressure. This mixture was allowed to equilibrate at 25 uC for 5 min with gentle stirring. To initiate the reaction, NADH was added via a gas-tight syringe to a final concentration of 1 mM. Samples (2 ml) were removed and injected into a Shimadzu GC-8A gas chromatograph equipped with a flame-ionization detector and a stainless steel column packed with Porapak Q (Alltech) (80/100 mesh). Although methanol accumulation halts after the production of~30 mM methanol (Halsey et al., 2006) , linear rates could be obtained for the first 5-10 min prior to slowing of the reaction. Methane concentrations were based on calculations using a Henry's constant of 0.0014 M atm 21 at 25 uC (Lide & Frederikse, 1995) . The K m of methane was determined by fitting the initial rates of reactions as a function of substrate concentration using Origin Pro 7.5 (OriginLab) according to the following equation:
where v 0 is the initial rate of reaction, V is the maximal rate of methanol accumulation under saturating concentrations of substrate, [Methane] is the aqueous concentration of methane and K m is the Michaelis constant. Methanol concentrations were determined based on a standard curve produced from authentic methanol in the same buffered conditions. All reported errors are SDs from three independent replicates.
Determination of the K m for C 2 -C 5 alkanes. K m measurements for longer-chain alkanes could not be performed due to slow diffusion rates and limited detection by GC at submicromolar concentrations of product. Instead, the K m values for alkanes were measured indirectly by competition with nitrobenzene. In a sealed quartz cuvette, 0.5 ml of a mixture containing 0.06 mM BMOH, 0.18 mM BMOB, 0.36 mM BMOR, 2400 U catalase ml 21 and 1 mM nitrobenzene in 25 mM PIPES, pH 7.2, was incubated for 5 min with varying amounts of gaseous alkane added to the head space. Reactions were initiated by the addition of 1 mM NADH, and monitored by the formation of p-nitrophenol (e 404 nm 515 mM 21 cm
) at 404 nm in a Beckman DU-640 spectrophotometer. The initial linear portion of the reaction curve (~1-2 min) was taken as the initial reaction rate of nitrobenzene formation when in competition with the alkane. The K m of the alkane was determined by fitting the following equation:
where v 0 is the initial rate of nitrobenzene formation, V is the maximal reaction rate, [S] is the initial concentration of nitrobenzene, K m2 is the Michaelis constant for nitrobenzene (40 mM), [a] is the aqueous concentration of the alkane, and K m is the Michaelis constant for the alkane. Aqueous concentrations of ethane, propane, butane and pentane were determined using Henry's constants of 0.0019, 0.0014, 0.0011 and 0.0008 M atm 21 , respectively. To ensure the accuracy of this method, a similar analysis of methane competition with nitrobenzene was performed in an identical manner to that of ethane, propane, butane and pentane, except that only 50 mM nitrobenzene was used instead of 1 mM.
Determination of alcohol inhibition constants. A sealed quartz cuvette containing 0.25 mM BMOH, 0.75 mM BMOB, 1.5 mM BMOR, 2400 U catalase ml 21 and 1 mM nitrobenzene in 25 mM PIPES, pH 7.2, was incubated with varying amounts of primary and secondary alcohols for 5 min prior to reaction initiation with 1 mM NADH. Three titrations per alcohol were performed, each with different concentrations of nitrobenzene (50, 100 or 200 mM) in order to determine the type of inhibition. Linear rates of p-nitrophenol formation were monitored by the increase in A 404 for 2 min. For experiments without BMOB, reactions were monitored for 5 min due to slower rates of product formation. Competitive and uncompetitive inhibition constants were modelled using the mixed inhibitory equation (CornishBowden, 1995) :
where [i] is the concentration of inhibitor and K ic and K iu are the competitive and uncompetitive inhibition constants, respectively. All observed inhibition data were fitted to Equation 3 with R 2 .0.97. Stock nitrobenzene concentrations were determined using a molar absorption coefficient of 7800 M 21 cm 21 at 268 nm (Zhu et al., 2007) .
Formaldehyde analysis. Quantification of formaldehyde was performed by derivatization with acetoacetanilide and subsequent fluorescence detection, as described elsewhere (Li et al., 2007) . Concentrations of formaldehyde were based on a standard curve made from a stock solution of known concentration. Formaldehyde stock concentrations were determined by titration of a diluted sample with a molar excess of iodine (I 2 ) in the presence of 0.2 M NaOH. After 15 min, the excess I 2 was acidified with H 2 SO 4 and back-titrated with 0.1 M sodium thiosulfate in the presence of 0.02 % (w/v) starch indicator. The same procedure was repeated without formaldehyde. The difference in thiosulfate needed to titrate the two solutions was used to determine the original concentration of formaldehyde.
RESULTS

Oxidation of alkanes by sBMO
In order to further understand the substrate specificity of sBMO, kinetic parameters K m and k cat were determined for linear C 1 -C 5 alkanes. Although methane is known to be a substrate of sBMO, the accumulation of its product, methanol, has previously been shown to cease once methanol concentrations reach~20-30 mM (Halsey et al., 2006) . However, at concentrations ranging from 0 to 15 mM, the rates of methanol formation were both constant and dependent on the concentration of aqueous methane. These rates became saturated above 5 mM methane, allowing for a direct measurement of the K m for methane (Fig. 1a) . Doubling the enzyme concentration along the first-order region of the titration curve resulted in a doubling of the reaction rate, indicating that the reactions were not diffusion-limited. In contrast to the low micromolar K m of sMMO for methane (3-13 mM) (Green & Dalton, 1986; Nesheim & Lipscomb, 1996) , the K m of sBMO for methane was 1.10±0.14 mM ( Table 1) . Determination of K m values for the C 2 -C 5 growth substrates could not be performed by direct measurement due to limited diffusion rates at low concentrations. Instead, K m values were derived by competition experiments between nitrobenzene and the alkane substrates according to Equation 2 (Fig. 1b) . The K m for methane was also measured in this manner, giving similar results to the direct measurement (1.25±0.12 mM, data not shown).
The K m values listed in Table 1 indicate a sharp transition of large magnitude from methane to ethane, but less of a difference between propane, butane and pentane. Although .
Kinetic characterization of butane monooxygenase preferential binding of substrates is likely to be heavily influenced by the 'hydrophobic effect', this cannot explain the drop of nearly three orders of magnitude in K m from methane to ethane (if K m constants are assumed to correlate with binding affinity). Alternatively, given the Bi Uni Uni Bi Ping Pong kinetic mechanism proposed for sMMO (Green & Dalton, 1986) , the observed K m for the alkane should be heavily influenced by the rate of alcohol release (Leskovac, 2003) . As alcohol release becomes rate limiting, which has been reported for sMMO (Lee et al., 1993; Wallar & Lipscomb, 2001 ), the K m of the substrate drops below the K d . Such a scenario would explain the large drop in the K m for ethane. Similar arguments have been proposed for protein kinase A (Werner et al., 1996) . The observed maximal turnover rates for methane and ethane listed in Table 1 also support this hypothesis. If the rate-limiting step of the reaction was turnover, the cleavage of a C-H bond for ethane should be three orders of magnitude faster, since its dissociation energy is about 4 kcal mol 21 (16.7 kJ mol
21
) weaker than that of methane (Korth & Sicking, 1997; Zheng & Lipscomb, 2006) . Such a dramatic increase in ethane turnover was not observed in sBMO, nor in earlier studies with sMMO (Green & Dalton, 1986 ).
Total turnover rates for C 1 -C 5 substrates were also determined ( Table 1 ). The individual rates of the different alcohol isomers from the oxidation of C 3 -C 5 alkanes were also proportional to previously reported product distributions (Dubbels et al., 2007) . The ratio k cat : K m indicated sBMO to be most specific for butane; however, propane and pentane were not substantially different. sBMO was nearly 280-fold more specific for ethane than methane. To confirm the calculated substrate specificities, competition experiments were performed with a mixture of equal concentrations of C 1 -C 5 alkanes. Although methanol formation was not detected, the relative amounts of each C 2 -C 5 alcohol produced were similar to those predicted by the measured k cat : K m ratio (Table 1) , providing further evidence that the sBMO enzyme is optimized for butane as a substrate while minimizing C 1 oxidation.
Product inhibition of sBMO
Halogenated alcohols have been shown by X-ray crystallography to bind directly in the active site of sMMO, with the oxygen atom of the alcohol group bridging the di-iron centre (Sazinsky & Lippard, 2005) . The binding of primary and secondary alcohols to sBMO was characterized in order to gain additional insight into the approximate geometry of the active site. Methanol inhibition of nitrobenzene oxidation was modelled with a mixed inhibitory scenario (Equation 3), which indicated that the inhibition was purely competitive and relatively weak (K ic 51.25±0.06 mM). Previously, our group hypothesized that the plateau of methanol accumulation at 30 mM during methane oxidation was the result of strong product inhibition (Halsey et al., 2006) . However, the millimolar K ic observed for methanol and similar K m for methane do not support the conclusion that methanol would effectively inhibit methane oxidation at such low concentrations. More insights into the special case of methane oxidation are discussed later in this section.
Primary alcohols C 1 -C 6 displayed pure competitive inhibition with nitrobenzene. An average increase of 0.69±0.1 kcal mol 21 (2.9 kJ mol 21 ) per methylene group was observed for primary C 1 -C 5 alcohols (Fig. 2, shaded  bars) . Mutational analyses of hydrophobic residues in the interior of proteins have suggested that each methylene group contributes approximately 1.1±0.5 kcal (4.6± 2.1 kJ) of stability per mole per methylene group (Pace et al., 1996) . It would appear, therefore, that the binding of C 1 -C 5 alcohols to the fully buried, hydrophobic active site of BMOH is heavily influenced by this 'hydrophobic effect'. After C 5 , however, binding affinity drops until C 7 , after which the affinity increases. Interestingly, the tighter inhibition constants for these larger alcohols are accompanied by a distinct change in inhibition from competitive to mixed, suggesting that the alcohol is able to bind to both free enzyme (E) and the enzyme-substrate (ES) complex. Incubation of the enzyme complex with these longer-chain alcohols with and without NADH for 1 h did not yield any significant loss in activity compared with the control after dialysis, indicating that the change in inhibition type is not a result of enzyme inactivation. Given that product-bound structures of MMOH have demonstrated alternative small molecule binding cavities (Sazinsky & Lippard, 2005) , it is possible that the uncompetitive nature of primary alcohols larger than C 6 is derived from the preferential binding to alternative hydrophobic pockets rather than to the active site.
Inhibition constants for C 1 -C 9 secondary alcohols were also measured (Fig. 2, white bars) . Three distinct observations were made in comparison with primary alcohols. First, all secondary alcohols bound with less affinity than their primary counterparts, indicating that the active site of sBMO is optimized for linear molecules. Second, the break in decreasing K ic values was found between C 4 and C 5 , rather than C 5 and C 6 as for primary alcohols. Third, the break from competitive to mixed inhibition occurred at C 8 rather than C 7 , indicating that secondary alcohols do not bind to the proposed alternative binding pockets as well as primary alcohols. Lastly, branched alcohols, such as 2-methyl-2-butanol (K ic 51.45±0.08 mM), bound poorly, providing further evidence that the active site of sBMO is structurally optimized for linear molecules.
Effect of BMOB
Component B of the sMMO system (MMOB) has profound effects on both the rate of MMOH catalysis and product distribution (Wallar & Lipscomb, 1996) . Our previous characterization of purified sBMO revealed that BMOB had little effect on either rate enhancement or product distribution (Dubbels et al., 2007) ; however, improvements in culturing T. butanivorans have yielded BMOH with catalytic properties more dependent on BMOB (Fig. 3a) . At a ratio of 3 : 1 BMOB : BMOH, the turnover rate of nitrobenzene increased 14-fold. Similar effects were seen for ethylene and butane oxidation. Although not as dramatic as the sMMO system, the stimulation of activity by BMOB is more consistent with the role of regulatory components in other di-iron monooxygenases. Unlike MMOB, addition of BMOB had little effect on the product distribution of butane oxidation, generating approximately 80 : 20 and 85 : 15 1-butanol : 2-butanol without and with BMOB, respectively.
Because substrate turnover by sMMO without MMOB is slow, elucidating its effects on MMOH is difficult and continues to be an active area of research (Mitic et al., 2008) . However, because the BMOH-BMOR complex oxidizes substrates at rates of~40 nmol min 21 mg 21 without BMOB, we were able to measure the influence of the latter on the inhibition of alcohols during steady-state turnover. Only C 3 -C 6 alcohols were examined, because this was the chain-length range in which breaks in binding affinities were observed. All alcohols bound with less affinity to BMOH when BMOB was not present (Table 2 , Fig. 3b) . As a consequence, the break in primary alcohol binding affinity was observed between C 4 and C 5 rather than C 5 and C 6 . C 3 -C 6 secondary alcohols displayed a much less pronounced break between C 4 and C 5 . 2-Methyl-2-butanol could not effectively inhibit sBMO without BMOB present. Lastly, 1-hexanol displayed weak uncompetitive binding characteristics (K iu .400 mM) without BMOB, implying a possible shift away from active-site binding. The data suggest that BMOB helps to open the active site of BMOH for more efficient substrate access. Similarly, the dissociation of BMOB after substrate turnover may facilitate the release of products. Similar conclusions have been reached in detailed mutational and kinetic analyses in the sMMO system, in which MMOB plays a role in regulating substrate access and product release (Wallar & Lipscomb, 2001; Zheng & Lipscomb, 2006) . Whether BMOB enhances the activation of oxygen as MMOB does for MMOH remains to be determined.
Special case of methane oxidation
Methanol is not an efficient inhibitor of BMOH, even though methanol accumulation during methane oxidation ceases once low micromolar concentrations have been ), where T is the temperature in Kelvin (298 K) and R is the universal gas constant.
Kinetic characterization of butane monooxygenase reached both in vivo (Halsey et al., 2006) and in vitro. Even though all the physiologically relevant alcohols were more effective inhibitors than methanol, no stoppage in product accumulation was observed during oxidation of alkanes ¢C 2 , presumably due to effective competition between substrate and product. Moreover, in vitro characterization of the 1-butanol dehydrogenases BDH and BOH from T. butanivorans showed that the K m for 1-butanol was well below the K ic for sBMO, which further emphasizes that sBMO inhibition by alcohols is unlikely to play an important physiological role in the metabolism of longer-chain alkanes (Vangnai & Arp, 2001; Vangnai et al., 2002) . As such, methane oxidation clearly represents a unique case among alkanes. 
Inhibitor
Alcohol position With BMOB Without BMOB 
NA NA NA *NA, Not observed. Inhibition constants greater than 10 mM were not considered.
R. B. Cooley and others
One explanation of the apparent steady level of methanol during methane oxidation is that it is the result of an equilibrium between methane conversion to methanol and methanol conversion to formaldehyde, in which case methane and methanol consumption would be kinetically indistinguishable. Methanol has also been reported to be a substrate for sMMO, but the low micromolar K m for methane and approximately 1 mM K m for methanol make methanol turnover by sMMO physiologically irrelevant (Colby et al., 1977) . Kinetic analysis of methane and methanol as substrates of sBMO showed they have nearly identical K m and k cat values ( Table 3) . As a result, reactions that initially contain only methane generate formaldehyde once methanol begins to accumulate. As the methanol concentration increases, the rate of formaldehyde formation increases until it equals the rate of methanol formation and a steady-state level of methanol is reached (Fig. 4) . This non-discrimination of C 1 substrates by BMOH is partially alleviated by an alteration in residue 113 from Gly to the corresponding MMOH amino acid, Asn. Kinetic characterization of the G113N variant of BMOH (Table 3) showed that this alteration makes sBMO more specific for methane than methanol, primarily by lowering the K m for methane 3.3-fold. This conserved MMOH Asn residue appears to be critical in maintaining sMMO specificity for methane over methanol, thereby eliminating effective substrate competition between the two.
DISCUSSION
The first step in metabolizing an alkane requires the input of energy to cleave the highly stable C-H bond to form an alcohol, which can then be metabolized further in order to provide both the energy and carbon needs for the cell. Attempts to purify alkane monooxygenases from a variety of organisms have proven difficult (Shennan, 2006) , limiting in-depth kinetic and structural characterization. In this study, we have characterized an SBMO complex, which is the closest relative to the well-studied sMMO enzymes that has been purified to homogeneity with high activity.
Substrate specificity
With the exception of sMMO, substrate specificity characterizations of alkane monooxygenases are mostly limited to in vivo analyses and only compare relative rates of substrate turnover using saturating concentrations of substrate, thereby neglecting differences in K m values. Our analysis of sBMO shows that even though methane has the highest turnover rate of the alkanes tested, it is clearly a poor substrate due to the high K m relative to C 2 -C 5 alkanes. As such, sBMO is very effective at discriminating between methane and longer alkane substrates. While sMMO is more specific for methane over C 2 -C 5 alkanes, the apparent discrimination for its physiological substrate over longer alkanes is much less striking than that of sBMO. In sMMO, the methane V max : K m ratio reported for Methylococcus capsulatus sMMO is only 13-fold higher than that of ethane, and only sevenfold higher than that of propane (Green & Dalton, 1986) . For sBMO, the equivalent values for ethane and propane are 290-and 580-fold higher than that for methane, respectively. While it is difficult to compare substrate specificities with those of other alkane monooxygenases due to limited in vitro characterization, in vivo studies with soluble di-ironcontaining propane monooxygenases from Gordonia sp. TY-5, Mycobacterium sp. TY-6 and Pseudonocardia sp. TY-7 have suggested that they are similar to sBMO in that they are specific for short-chain C 2 -C 6 alkanes but poorly suited for methane oxidation (Kotani et al., 2003 (Kotani et al., , 2006 .
While particulate methane monooxygenase (pMMO) is unusual in that it has a narrow alkane substrate range that includes only linear C 1 -C 5 alkanes (Elliott et al., 1997) , wide substrate ranges are not uncommon in membranebound alkane monooxygenases. The alkB hydroxylase from Pseudomonas putida GPo1 is capable of oxidizing large (.C 12 ) linear alkanes and substituted cyclic alkanes at similar rates (van Beilen et al., 1994) , while also oxidizing the smaller growth substrates propane and butane with high affinity (K s 66 and 13 mM, respectively) (Johnson & Hyman, 2006) . The alkane hydroxylase from propaneutilizing Mycobacterium vaccae JOB5 has also recently been characterized as an alkB hydroxylase (Lopes Ferreira et al., 2007) , and has a low reported K s for propane of 3.3-4.4 mM but high K s values for branched substrates tertbutyl alcohol and methyl tert-butyl ether (1.36 and 1.18 mM, respectively) . The soluble haem-containing CYP153A6 alkane hydroxylase from Mycobacterium sp. HXN-1500 has been reported to have low K d values (20 nM) for C 9 -C 11 growth substrates; however, K d values for cyclic hydrocarbons are nearly 200-fold higher (Funhoff et al., 2006) . Despite the large Kinetic characterization of butane monooxygenase substrate ranges for these alkane monooxygenases, these data, together with our kinetic analyses of sBMO, emphasize the importance for these alkane monooxygenases to maintain high specificities for physiological substrates in order to out-compete oxidation of molecules that would not provide the carbon and energy needs to sustain cell growth.
Studies have characterized the different iron-oxygen intermediates generated by the hydrocarbon oxidizers toluene/oxylene monooxygenase (ToMO) and sMMO. While sMMO generates a diamond core bis-m-oxo-(Fe IV ) 2 intermediate (Shu et al., 1997) , ToMO generates a weaker oxidizing peroxo-bridged-(Fe III ) 2 intermediate (Murray et al., 2007) , suggesting that this may be a means of substrate selection. This type of selection mechanism, whereby sBMO generates a weaker oxidizing intermediate in order to take advantage of the weaker C-H bonds of longer-chain alkanes compared with methane, is unlikely, given that it oxidizes methane at faster rates than longer-chain alkanes and that it hydroxylates the primary carbon. Therefore, the basis for substrate discrimination is more likely to be based on structural differences in the binding pockets than to be based on different chemical mechanisms. Unfortunately, these structural mechanisms are still poorly understood and are complicated by the observation that naphthalene and methane are both substrates of sMMO and sBMO, despite their fully buried, identical active sites (Halsey et al., 2006; Rosenzweig et al., 1997) . However, we have identified one particular residue in the a-subunit of BMOH, Gly-113, which contributes toward defining these specificities. As such, further coordinated mutational analyses of these homologues will certainly provide additional insight into the mechanism of substrate selection.
Component B
Several roles for the small regulatory component have been observed for soluble di-iron-containing multicomponent monooxygenases. Recent studies have demonstrated that in order to enhance the activity of MMOH, MMOB must both (i) induce a geometric rearrangement of a single Fe atom (Fe2) to enhance its reactivity with oxygen, and (ii) cause a more global conformational change within the active site to allow for efficient O 2 access (Mitic et al., 2008; Schwartz et al., 2008) . The data shown here demonstrate that BMOB also has a large effect on substrate turnover rates (14-fold increase in activity), although this effect is modest compared with that of sMMO. While our data continue to emphasize the importance of these regulatory components in di-iron monooxygenases for maintaining proper substrate selection and efficient product release, one significant difference remains between the sBMO system and both sMMO and other toluene oxidizers: the regulatory component in sBMO does not significantly alter the product regioselectivity for either alkanes or nitrobenzene. The change in regioselectivity caused by MMOB in sMMO was considered to be a consequence of the requirement that a global conformation change within the active site must occur for proper O 2 access (Mitic et al., 2008) . While it appears that a conformational change within the active site of BMOH must be induced by BMOB, the mechanism must be different from that of sMMO, where product distribution does change substantially. As such, sBMO provides a unique system in which to uncover details about the nature of the active site conformation changes necessary to enhance O 2 binding and activation without altering the position of substrate hydroxylation.
The kinetic studies of purified sBMO demonstrate that it is highly specific for linear alkanes ¢C 2 , while effectively filtering out methane oxidation, even though sBMO and sMMO share identical residues in the active site. While several physiological and enzymic implications can be made, it is clear that sBMO can be a useful tool in helping to elucidate specific factors that influence substrate specificity and activity in bacterial alkane monooxygenases. Efforts to crystallize BMOH are currently under way in our laboratory to address such comparisons from a structural point of view. 
